ABSTRACT: Escherichia coli dihydrofolate reductase (ecDHFR) is used to study fundamental principles of enzyme catalysis. It remains controversial whether fast protein motions are coupled to the hydride transfer catalyzed by ecDHFR. Previous studies with heavy ecDHFR proteins labeled with 13 C, 15 N, and nonexchangeable 2 H reported enzyme mass-dependent hydride transfer kinetics for ecDHFR. Here, we report refined experimental and computational studies to establish that hydride transfer is independent of protein mass. Instead, we found the rate constant for substrate dissociation to be faster for heavy DHFR. Previously reported kinetic differences between light and heavy DHFRs likely arise from kinetic steps other than the chemical step. This study confirms that fast (femtosecond to picosecond) protein motions in ecDHFR are not coupled to hydride transfer and provides an integrative computational and experimental approach to resolve fast dynamics coupled to chemical steps in enzyme catalysis.
D
ihydrofolate reductase (DHFR) catalyzes hydride transfer from the reduced nicotinamide adenine dinucleotide phosphate (NADPH) to 7,8-dihydrofolate (DHF) to produce 5,6,7,8-tetrahydrofolate (THF; Figure 1A ). This reaction provides reduced folate for protein and nucleic acid synthesis. Escherichia coli DHFR (ecDHFR) is also useful to study fundamental principles of enzyme catalysis. A "network of coupled motions" throughout the protein has been suggested to promote the hydride transfer in ecDHFR. 1, 2 It remains controversial whether fast protein motions, on the time scale of femtoseconds (fs) to picoseconds (ps), are coupled to hydride transfer. 3−7 Recently, ecDHFR has been characterized as the first example where rapid protein dynamics is not coupled to chemical barrier passage (see below). 8 Temperature dependence of kinetic isotope effects (T-d KIEs) is purported to probe the contribution of protein dynamics in enzymatic hydride transfer reactions. 9 We previously reported the T-d KIEs of heavy ecDHFR (h-DHFR), in comparison with the native light ecDHFR (l-DHFR). 5 In h-DHFR, the 13 C, 15 N, and nonexchangeable 2 H (D)-labeled amino acids perturb enzyme bond vibrational dynamics on the femtosecond to picosecond time scale and these may also affect slower "coupled network" motions. Kinetic isotope effects (KIEs) of labeled NADPH were measured for both l-and h-DHFRs by competitive experiments at pH 9, and Northrop's method was used to estimate "intrinsic" KIEs on the hydride transfer. 10 The l-DHFR showed temperature-independent KIEs in the experimental temperature range (5−45°C). For h-DHFR, the KIEs were temperature-independent at 25−45°C, but they were temperature-dependent between 25 and 5°C ( Figure 1B , red line). 5 In Marcus-like models, 11, 12 the results suggested different donor− acceptor distances (d DA ) at the transition states (TSs) of l-and h-DHFRs at temperatures below 25°C. 9 In summary, the data suggested coupling of femtosecond to picosecond ecDHFR dynamics (thermally activated vibrations) to the TS of hydride transfer only in the heavy enzyme and only in the cold (5−25°C ). 5 Here, we performed experiments and calculations to examine the proposed change in dynamics coupled to hydride transfer as a function of isotopic composition and temperature.
Other studies have reported small kinetic differences for the hydride transfer reactions of l-and h-DHFRs in the temperature range of 5−40°C 6 and attributed those small effects to C-segment dynamics of ecDHFR at pH 7. 13 Those conclusions were drawn from differences in steady-state k cat and in the rate constants of fitting single-turnover kinetic data to a double-exponential equation. 6, 13 However, the extracted rate constants might not report on hydride transfer chemistry at all temperatures since substrate KIEs were not reported. Transition state theory is often used to rationalize such results, but the application of traditional TS theory has been questioned in understanding protein dynamics in enzymatic reactions. 14, 15 Here, we combine temperature-dependent transition path sampling (TPS) 16, 17 simulations with advanced kinetic experiments to resolve discrepancies for hydride transfer reactions of l-and h-DHFRs. Unlike umbrella sampling methods commonly used in quantum mechanics/molecular mechanics (QM/MM) and molecular dynamics (MD) simulations of enzymatic reactions, 18, 19 TPS is a dynamics-based method that reveals the reaction coordinate without any assumptions of geometry or energy characteristics for the TS. 16, 17 Thus, TPS generates reactive trajectories free of TS theory assumptions and reveals dynamic effects on the reaction coordinate.
In this study, we applied TPS simulations to l-and h-DHFRs, and the results indicated the same TS and barrier-crossing parameters for both enzymes, independent of temperature. We designed new kinetic experiments, and the results show hydride transfer rates and KIEs at pH 7 to be independent of ecDHFR protein mass, consistent with similar dynamic parameters identified by TPS simulations. On the contrary, dissociation of substrate from the Michaelis−Menten complex is faster for h-DHFR than l-DHFR. As both enzymes have the same hydride transfer rate, the steady-state kinetic parameters are altered. These new results resolve the relationship among T-d KIE, the hydride transfer TS, and femtosecond to picosecond protein dynamics of ecDHFR.
■ MATERIALS AND METHODS
Computational Details and Methods. Simulation Models. We used the CHARMM35 20, 21 computational package on a SGI Altix model ICE 8400 cluster to conduct QM/MM calculations and MD simulations of l-and h-DHFR·NADPH· DHF ternary complexes. 8 The initial atomic coordinates were from the PDB entry 1RX2, and the crystallographic ligands (NADP + and THF) were replaced with the substrates in silico. We employed the standard protonation states of all acidic and basic amino acids at physiological pH as determined by CHARMM. The atoms to be included in the QM region of the simulations were isolated as a separate "QM" residue and patched to the MM region by the two boundary atoms ( Figure  1A) . A 90 Å diameter sphere of water molecules was generated around the protein complex, with the edge of the water sphere at least 20 Å away from the edge of the initial protein complex. Our final simulation model contained 36 123 atoms: 69 QM ligand atoms ( Figure 1A ), 58 MM ligand atoms (the remaining 45 NADPH and 13 DHF atoms), 2489 protein atoms, 33 492 TIP3 water models (459 crystallographic water molecules, and 33 033 "solvent" water molecules from the generated water sphere), and 15 sodium ions for neutralizing the system. We implemented CHARMM27 all-atom force field with the topology and parameter files developed by Garcia-Viloca et al. 22 to treat the QM residues in classical MD simulations. For QM/MM simulations, we used the Austin Model 1 (AM1) semiempirical approach to simulate the QM atoms, and the Generalized Hybrid Orbital method 23 to treat the two boundary atoms in the ligands. All of our MD simulations used time steps of 1 fs for the integration of forces, and we applied the SHAKE algorithm 24 on all covalent bonds with hydrogen atoms in the MM region.
For energy minimization, we first fixed all protein and ligand atoms and optimized the positions of water molecules and sodium ions for 25 steps of the Steepest Decent algorithm, followed by 100 steps of the Adopted Basis Newton−Raphson (ABNR) method. Next, we restrained only the protein backbone and ligand non-hydrogen atoms with a 100 kcal mol −1 Å −1 harmonic force and conducted 500 steps of ABNR minimization. For heating and equilibration, we used the Leapfrog Verlet algorithm and followed the protocol of GarciaViloca et al. 22 First, we restrained the non-hydrogen atoms of protein and ligands with a 20 kcal mol −1 Å −1 harmonic force and slowly heated the system from 0 K to the target temperature (280 or 300 K) at a rate of 10 K ps . Next, we restrained only the non-hydrogen atoms of the nicotinamide ring of NADPH and the pteridine ring of DHF, with a harmonic force gradually decreasing from 10 to 1 kcal mol
, and equilibrated the system at the target temperature for 75 ps. Finally, the system was equilibrated for 400 ps of QM/ MM simulations at the target temperature with no restraints. The potential energy, temperature, and structures of each system were stable during the final 300 ps equilibration.
TPS of DHFR-Catalyzed Hydride Transfer Reaction. We implemented the New Velocity Verlet (VV2 in CHARMM) algorithm with a Nose−Hoover thermostat to generate . 5 The present report examines the difference between l-and h-DHFR deuterium KIEs at 5°C.
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Article canonical ensembles (i.e., constant temperature) of reactive trajectories for each system using a high perturbation TPS method. 16, 17 In order to determine if a generated trajectory is reactive, we used the donor-hydride distance ( Each of the following trajectories started from a randomly selected time slice from the previous reactive trajectory. Both the coordinates and momenta of all atoms in the selected time slice were perturbed by shooting moves before generating the new trajectory in order to achieve a stable acceptance ratio (the ratio between the number of reactive trajectories and the total number of all generated trajectories) of ca. 20% for each system. 17 First, the coordinates were perturbed by a short QM/ MM simulation (2−10 fs) with randomly assigned velocities drawn from a Boltzmann distribution at the same temperature. The resultant coordinates were only accepted based on a Metropolis acceptance criterion. 17 If the resultant coordinates were rejected, then another time slice was randomly selected from the previous reactive trajectory to repeat the procedure until the perturbed coordinates were accepted. Next, the momenta of the selected time slice were perturbed by a zeromean Gaussian distribution multiplied by a scaling factor (0.15) and then rescaled to ensure conservation of total energy and zero net angular and linear momentum of the entire system. Then, the resultant momenta were assigned to the perturbed coordinates to propagate QM/MM dynamics forward and backward in time for 250 fs, to generate a new 500 fs trajectory, with a Nose−Hoover thermostat to maintain constant temperature. If the new trajectory was reactive (as analyzed by the order parameter), then it was accepted and used as the seed to generate the next 500 fs trajectory. Otherwise, the previous reactive trajectory was used again and the entire procedure was repeated until a new reactive trajectory was generated.
We generated 260 reactive trajectories with an acceptance radio of ca. 20% for each system. Covariance analysis of distances between randomly selected atoms suggests the reactive trajectories were sufficiently decorrelated after 10 consecutive generations. To remove any potential bias on the reaction dynamics due to the restraints applied on the first reactive trajectory, we discarded the first 35 reactive trajectories in each system. The remaining 225 reactive trajectories constituted the transition path ensemble (TPE) of each system. We calculated the all-atom root-mean-squared fluctuations (RMSFs) of each residue averaged over the entire TPE for each system and found the RMSFs to be similar for l-and h-DHFRs at both temperatures.
Committor Analysis. We selected 12 reactive trajectories (every ∼20th generation) from the TPE of each of the four systems and conducted committor analysis to identify the TS and to calculate the barrier-crossing time for the hydride transfer reaction. For each system, the 12 selected trajectories were completely decorrelated with each other based on the covariance analysis, suggesting that they properly represented the widely distributed 225 reactive trajectories in the TPE. The committor is the probability for a structure to reach the product state vs reactant state with randomly assigned velocities drawn from a Boltzmann distribution. For each reactive trajectory, we initiated 50 trajectories of 250 fs QM/MM dynamics from each of the ∼10 time slices in the vicinity of minimum d DA ( Figure  S1 ). The structure that shows 0.5 committor probability is the TS structure, and the time required for the committor to change from 0.1 to 0.9 is the barrier-crossing time.
Transition State Ensemble. The 12 identified TS structures constituted the TS ensemble for each of the four systems, which were analyzed for their geometric and energetic properties (Figures S1−S3 and Table 1 ). Critical geometric parameters of the TS, including the distances and angles between the donor (D), acceptor (A), and hydride (H), were found to be equal for all four systems (Figures S3 and Tables 1  and S1 ). We also analyzed the dynamic fluctuations of the same distances previously analyzed as part of a network of coupled motions in ecDHFR. 1 Although the plots of these distances along the reaction progress (approximated by the antisymmetric combination of d DH − d HA ) were similar to the previous analysis for l-DHFR at 300 K, they showed different features for the l-DHFR at 280 K as well as h-DHFR at 280 and 300 K. Since the TS of the hydride transfer is unperturbed, variations in the dynamic fluctuations of these distances are not coupled to the hydride transfer reaction on the subpicosecond time scale.
Experimental Details and Methods. Chemical Materials. The l-and h-DHFRs, as well as [4R-
2 H]-NADPH (NADPD), were prepared and purified following published procedures. 5 High purity THF was a generous gift from Prof. Amnon Kohen's lab, University of Iowa. Nicotinamide
was purchased from American Radiolabeled Chemicals, Inc. The concentrations of protein and other compounds in solution were determined as previously described. 5 Reagent concentrations refer to the final concentrations in the reaction mixture, unless otherwise specified. All kinetic experiments were conducted in 50 mM 2-(N-morpholino)ethanesulfonic acid (MES), 25 mM tris(hydroxymethyl)aminomethane (Tris), 25 mM ethanolamine, and 100 mM sodium chloride (MTEN buffer), 25 with 5 mM dithiothreitol (DTT), unless otherwise specified.
Synthesis of 3 H-Labeled NADPH. The radiolabeled cofactor NADPH was synthesized enzymatically from [2, 27 NADPH was purified on HPLC and lyophilized for storage at −80°C, following published methods. 26 Stopped-Flow Experiments. Transient kinetics of l-and h-DHFR were measured on an Applied Photophysics model SX20 stopped-flow instrument (dead time: 1 ms), following published procedures. 5 Enzyme tryptophan residues are photoexcited at 290 nm, emitting fluorescence at 350 nm. Transient kinetic parameters were measured by monitoring the protein fluorescence through a 305 nm cutoff filter in the absence of NADPH. When NADPH is present, Forster resonance energy transfer (FRET) from tryptophan residues to bound NADPH emits fluorescence at 450 nm, and transient kinetic parameters were measured by monitoring FRET through a 400 nm cutoff filter.
Pre-Steady-State Kinetics at pH 7. Pre-steady-state kinetics were measured by monitoring the FRET decay due to hydride transfer.
5,28 DHFR (5 μM) was preincubated with 120 μM NADPH or NADPD for 3 min before rapid mixing with 100 μM DHF. The experiments were conducted at 5, 15, and 25°C
. The pH of MTEN buffer was adjusted to 7 at the target temperature prior to each experiment. The time traces of the FRET decay fit well to eq 1, where A and k burst are the amplitude and observed rate constant, respectively, of the initial burst phase, v is the steady-state rate of FRET decrease, and B is a constant. The k burst values at different temperatures were fit to the Eyring equation (eq 2) to estimate the free energy of activation (ΔG ⧧ ) for the kinetic step that dominates the burst phase kinetics. The observed rate constants and deuterium KIEs of the burst phase are shown in Figure 3 and Table S2 . The empirical activation free energies (ΔG ⧧ ) are summarized in Table 1 .
Kinetic Scheme at 5°C, pH 9. Under saturating substrate conditions, the steady-state turnover of ecDHFR follows the kinetic pathway as described in Scheme 1. 28 We measured all of the kinetic constants along this kinetic pathway at 5°C, pH 9. The kinetic constants k 1 , k −1 , k 5 , k −5 , k 6 , and k −6 were measured using the relaxation method 28 by rapidly mixing the ligand with the corresponding apoenzyme or binary complexes. The slow reverse reaction (i.e., the hydride transfer from THF to NADP + , details below) permits measurements of k 4 and k −4 using the same method by mixing the DHFR·THF binary complex with NADP + and monitoring the enzyme fluorescence at 350 nm. When THF is used (e.g., measurements of k 4 , k −4 , k 5 , and k −5 in Scheme 1), the experiments were conducted under anaerobic conditions.
Pre-steady-state kinetics in the forward direction were studied by monitoring changes in FRET. DHFR (0.5 μM) was preincubated with 100 μM NADPH for 3 min before rapidly mixing with various concentrations of DHF (2−100 μM). Upon mixing with DHF (2−20 μM), the FRET signal fits to a double-exponential kinetic equation (Figure S4A ). In the fast exponential phase, FRET increased with a rate constant (k obs fast ) that showed linear dependence on DHF concentration (eq 3). In the slow exponential phase, FRET decayed with a rate constant (k obs slow ) that showed hyperbolic dependence on DHF concentration (eq 4). 29 The derivation of the observed rate constants followed the two-step reversible reaction sequence as described in ref 29 . Both mathematical expressions of k obs fast and k obs slow involved rate constants governing the formation and depletion of the reaction intermediate DHFR·NADPH· DHF. Equations 3 and 4 assume that the hydride transfer step is irreversible (k −3 = 0), which is reasonable since k −3 was determined to be very small (details below, Table S3 ). Fitting the biphasic burst kinetics with Igor software (Figure S4B,C) provides the solutions for the hydride transfer rate and rate constants for DHF association and dissociation kinetics (k 2 , k −2 , and k 3 in Scheme 1).
, where
All of the measured rate constants are shown in Scheme 1.
Reversibility of the Hydride Transfer and Overall Reaction at 5°C, pH 9. The rates of l-and h-DHFR reactions in the forward and reverse directions were measured by monitoring the decrease and increase of 340 nm absorbance (accumulative Δε 340nm = 11.8 mM
), respectively, under steady-state kinetics. The forward reaction rate was measured with 0.5 μM DHFR, 50−100 μM NADPH, and 50−100 μM DHF, and the reverse reaction rate was measured with 1 μM DHFR, 0.5−4 mM NADP + , and 50−200 μM THF, at 5°C, pH 9, under anaerobic conditions. The measured steady-state rate constants are not affected by the ligand concentrations in the specified range. Rapidly mixing DHFR·NADPH with DHF also provided burst phase kinetics for DHF binding and hydride transfer, as described above. In contrast, rapid mixing of DHFR·THF with NADP + did not show any burst phase in either the 340 nm absorbance or 450 nm FRET signals. The only burst signal was observed when monitoring protein fluorescence at 350 nm, which reports the binding kinetics of NADP + as described above. The hydride transfer appears to be fully rate-limiting in the reverse direction of the overall reaction, and the measured steady-state rate constant is, therefore, the reverse hydride transfer rate (k −3 in Scheme 1). The equilibrium constant of the hydride transfer can be calculated from the forward and reverse rate constants of this step (Table S3) . We also calculated the equilibrium constants for formation of NADPH and DHF from NADP + and THF by measuring the total increase in 340 nm absorbance after the reaction. The rate and equilibrium constants of the hydride transfer and overall reactions are summarized in Table S3 .
Forward Commitment Factor (C f ) Measurements. We measured the C f for the hydride transfers of l-and h-DHFRs using the pulse−chase isotope-trapping method 30 (also called intermediate-partitioning method 31 ) at 5°C, pH 9. DHFR was preincubated with [2,8- H-Ade]-NADPH complex at t 0 . Thus, C f can be calculated by C f = F 0 / (1− F 0 ) for initial reaction conditions. This pulse−chase isotope-trapping method allows the most direct experimental measurement of C f as defined by eq 6 in the absence of THF or eq 7 in the presence of THF.
■ RESULTS AND DISCUSSION
Theoretical TS Is Independent of Temperature and ecDHFR Mass. On the basis of Marcus-like models, 11, 12 previous experimental T-d KIE results indicated h-DHFR had an altered TS in the 5−25°C range due to thermally activated vibrations of the protein coupled to the hydride transfer ( Figure  1B) . 5 Present computational investigation disagrees with this proposal. We used the TPS algorithm with a Nose−Hoover thermostat 32,33 to conduct constant temperature simulations (Figures S1−S3) at temperatures above and below 25°C. A canonical TPE containing 225 individual decorrelated reactive trajectories was generated from over 1000 highly perturbed dynamic trajectories for each of the hydride transfer reactions of l-and h-DHFRs at 280 K (7°C) and 300 K (27°C). The TPS method 16, 17 allowed analysis of geometric parameters as individual dynamics of reactive trajectories rather than the equilibrium average that is commonly accessed by other methods. [1] [2] [3] [4] 7 The isotopic perturbation between l-and hDHFRs showed variations in the dynamic fluctuations of some atomic distances, which were previously analyzed as part of the network of coupled motions.
1,2 However, those variations did not produce significant differences in the reactive trajectories projected on the d DH , d AH , d DA distances or the D−H−A angle (Figures 2, S2, and S3 ). Previous studies proposed that the network of coupled motions on the millisecond time scale governs ecDHFR catalysis.
1,2,34−36
We conducted committor analysis of representative reactive trajectories to identify and analyze TSs of the hydride transfer reactions ( Figure S1 ). This TPS analysis found the same TS geometry for l-and h-DHFRs at 280 and 300 K (Figure 2 ). The magnitudes of d DA (Table 1) are similar for l-and h-DHFRs at both temperatures. These distances are shorter than those derived from previous T-d KIE data in the 5−25°C range based on Marcus-like models (Table 1) . Similar results have been reported for mutations of l-DHFR that altered the T-d KIEs, where QM/MM simulations found the wild-type and mutant l-DHFRs had equal d DA at the TS. 3, 4, 37 Committor analysis also permits calculation of the barrier-crossing time for the hydride transfer reactions, which was the same for l-and hDHFRs (Table 1 ). The computational data predict that ecDHFR is unlike other enzymes, 8−13 where altered enzyme mass has been demonstrated to influence the probability of barrier crossing. In ecDHFR, any vibrational motions altered by protein mass or temperature do not affect the TS or barriercrossing parameters.
Hydride Transfer KIEs at pH 7 Are Independent of Temperature and ecDHFR Mass. We conducted pre-steadystate experiments at pH 7 to estimate the hydride transfer kinetics of l-and h-DHFRs under physiologically relevant conditions. Pre-steady-state kinetics of l-and h-DHFRs were measured by stopped-flow fluorescence spectroscopy at 5, 15, and 25°C, pH 7. Hydride transfer in the DHFR·NADPH·DHF complex causes the FRET signal to decay exponentially in the pre-steady-state burst phase (eq 1), prior to the steady-state kinetic phase. 5 The burst phase rate constant (k burst ) was independent of enzyme mass at all temperatures, with either NADPH or NADPD as the cofactor ( Figure 3A and Table S2 ).
Fitting the k burst values of NADPH to the Eyring equation (eq 2) provided the empirical Gibbs free energy (Table 1) . Deuterium KIEs on k burst , the ratio between k burst rates of NADPH and NADPD, were equal to the intrinsic KIEs 38 reported for l-DHFR at pH 7 ( Figure 3B ; D k hyd ). Thus, k burst represents the hydride transfer rate (k hyd ) at pH 7. The presteady-state kinetic data indicate the hydride KIEs are independent of temperature and ecDHFR mass in the 5−25°C range at pH 7. These results differ from the thermally activated d DA fluctuations suggested from previous T-d KIEs measured at pH 9. 5 The enzyme mass-independent hydride transfer rates are consistent with similar dynamic parameters predicted by the TPS simulations, although sufficiently accurate hydride transfer rates cannot be calculated from the simulations.
Kinetic Mechanism and Commitment Factor. Differences in T-d KIEs between l-and h-DHFRs were observed for the steady-state competitive experiments at pH 9 ( Figure 1B) but not for the pre-steady-state experiments at pH 7 ( Figure  3B ). The pH effects on T-d KIEs have been reported for l-DHFR before, 39, 40 and such effects were interpreted by pHdependent kinetic commitments that affected the magnitudes of measured KIEs. 38 In the competitive experiments of l-and hDHFRs (pH 9), the largest KIE differences were observed at the lowest temperature (5°C; Figure 1B ). Those differences suggested larger kinetic commitment ( Table 2 , third column) and larger barrier-crossing probability for h-DHFR than l-DHFR under those experimental conditions. 5 To investigate the proposed differences in the kinetic commitments of l-and h-DHFR, we measured the microscopic rate constants of both enzymes in a series of steady-state and pre-steady-state experiments (details described in the Materials and Methods section) at pH 9, 5°C. Under saturating substrate conditions, the steady-state mechanism of ecDHFR is described in Scheme 1. 28 Similar to the findings at pH 7, the hydride transfer rate was still independent of protein mass (k 3 in Scheme 1). In contrast, small variations in ligand association/ dissociation kinetics were observed for l-and h-DHFRs (e.g., k 1 , k −2 , and k −5 in Scheme 1), which may cause small differences in kinetic commitments.
Since the hydride transfer is effectively irreversible (k −3 ≪ k 3 and k −3 ≪ k 4 in Scheme 1), the measured V/K KIE is related to the intrinsic KIE (e.g., T k hyd ) by forward kinetic commitment factor (C f , eq 5)
The kinetic mechanism of ecDHFR is complicated by slow release of THF, which does not dissociate from the enzyme until NADPH binds (Scheme 1). Consequently, in the competitive KIE experiments, the labeled NADPH binds to the apoenzyme only in the first turnover (k 1 in Scheme 1), whereas it binds to the DHFR·THF binary complex in the subsequent turnovers (k 5 in Scheme 1). The corresponding definitions of C f are eqs 6 and 7, respectively Table S2 . The C f was measured by pulse−chase isotopic-trapping experiments. 30, 31 The starting reaction mixture included either no THF or 5 μM THF (under anaerobic conditions).
These two definitions share the same internal C f factor (k 3 / k −2 ), which reflects the internal barrier-crossing probability, i.e., the probability for the Michaelis−Menten complex to cross the hydride transfer barrier to form the products, relative to dissociation of substrates. The internal C f is smaller for h-DHFR (0.50 ± 0.01) than l-DHFR (0.65 ± 0.07). The smaller C f of h-DHFR is due to faster release of the substrate (k −2 ), whereas the hydride transfer rate (k 3 ) remains the same with the l-DHFR.
Additional microscopic steps may be hidden from the stopped-flow measurements, rendering it impractical to calculate the full C f based on eqs 6 and 7. However, additional microscopic steps will not alter the form of the equations, where the magnitude of C f is dependent on THF concentration in eq 7.
Direct Measurements of C f . Previous C f calculated from competitive KIE experiments gave 6.6 ± 0.4 for h-DHFR (Table 2 , third column), and this resulted in the T-d KIE for h-DHFR ( Figure 1, red line) . 5 This C f value was determined under steady-state conditions and involved additional kinetic parameters (eqs 6 and 7) external to the Michaelis−Menten complex (E·A·B in Scheme 1). The large difference for reported C f values of l-and h-DHFRs (Table 2 ) led us to experimentally quantitate C f for l-and h-DHFRs by pulse−chase isotopictrapping experiments 30, 31 under the same conditions (5°C, pH 9). The directly measured C f is much smaller than the C f derived for h-DHFR based on competitive KIE measurements ( Table 2) .
Equations 6 and 7 predict that C f is dependent on the concentration of THF, a chemically unstable product. Previous competitive KIEs were measured under aerobic conditions when the NADP + fractional conversion was 25−70%, and the rate of THF degradation was uncharacterized for those conditions. The effect of THF on C f for l-and h-DHFRs was measured in the absence and presence of 5 μM THF in the initial reaction mixture. The presence of THF decreased the magnitudes of C f ( Table 2) . As predicted, the C f values measured under both conditions are larger than the internal C f due to involvement of kinetics external to the Michaelis− Menten complex (eqs 6 and 7). Consistent with the internal C f comparison, the full C f values are also smaller for h-DHFR than l-DHFR. This finding suggests complex kinetics are involved in the extraction of KIEs based on Northrop's method used earlier. 5 This large difference between calculated and experimentally determined C f values provides a cautionary note when interpreting C f from competitive KIE results.
Comparison with Previously Published l-and h-DHFR Effects. Here, TPS simulations predict the same TSs and barrier-crossing times (ca. 6 fs) for hydride transfer in l-and hDHFRs. Pre-steady-state kinetic results also show hydride transfer rates and KIEs to be independent of ecDHFR protein mass at pH 7. Microscopic rate constants at 5°C, pH 9 revealed the same hydride transfer rate but faster substrate release for h-DHFR than l-DHFR. A change in this nonchemical step alters the barrier-crossing probability for h-DHFR without altering the nature of the transition state. Direct C f measurements support these effects and show a dependence of C f on the presence of THF. The current results contradict previously proposed differences between the hydride transfer steps of l-and h-DHFRs, but they are consistent with the variations in protein−ligand interactions observed for both enzymes. 5 Assumptions in this method (discussed in more detail in Supporting Information, eqs S1−S12) include the following: (1) the magnitudes of C f for protium, deuterium, and tritium transfer reactions are related by the intrinsic KIEs of the respective isotopes and (2) the intrinsic KIEs are related by the semiclassical Swain−Schaad exponent (SSE, e.g., ln(k H /k T )/ln(k D /k T ) = 3.34; eq S11 in Supporting Information). 41, 42 For ecDHFR, the dependence of C f on THF concentrations (eq 7) renders the first assumption problematic. Differences were observed between the directly measured C f and the C f derived from competitive KIEs, indicating kinetic complications in the application of Northrop's method. Chemical decomposition of THF may complicate the underlying kinetics for deriving intrinsic KIEs from the observed H/T and D/T KIEs. Another controversy is deviation of intrinsic KIEs from the semiclassical SSE relationship, as others have suggested. 42−44 Other studies also reported altered hydride transfer kinetics by ecDHFR mass in the 5−40°C range. 6, 13 These investigations relied on steady-state k cat measurements at pH 9 and single-turnover kinetics at pH 7. It is unclear if the extracted kinetic constants reflect hydride transfer. Thus, the reported kinetic differences are likely to arise from steps other than hydride transfer, as indicated by our current findings.
EcDHFR Differs from Other Heavy Enzymes. Our combined computational and experimental results support a hydride transfer rate and TS for ecDHFR independent of enzyme mass. Minor variations in subpicosecond dynamics of lScheme 1. Kinetic Mechanisms of l-DHFR (Blue) and h-DHFR (Red) at 5°C, pH 9 a a Under saturating substrate concentrations, the cofactor NADPH predominantly binds to DHFR·THF complex during the catalytic turnover instead of the apoenzyme, except during the first turnover (k 1 and k −1 , green).
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Article and h-DHFRs ( Figure S2 ) did not change the TS or barriercrossing time (ca. 6 fs) for the hydride transfer (Figures 2 and  S3 and Table 1 ). The results are consistent with a catalytic mechanism sufficiently described by conformational and electrostatic fluctuations on slower time scales. 36, 45, 46 The ecDHFR protein creates a geometric and electrostatic catalytic cage where the reaction coordinate is formed by favorable electrostatic apposition of the reactants.
Although ecDHFR does not couple subpicosecond protein dynamics to hydride transfer, other enzymes have shown both experimental and computational evidence for coupling of subpicosecond protein promoting vibrations to chemical barrier crossing. 47−52 The simple construct and remarkable backbone flexibility of ecDHFR makes its dynamics−catalysis relationship most likely an exception, rather than the rule, of enzyme catalysis.
At this early stage of development, principles learned from heavy enzyme studies must be interpreted on a case-by-case basis. Enzymatic dynamic effects on catalysis depend on specific protein architecture and the nature of the chemical reaction.
The use of ecDHFR to analyze the importance of rapid protein dynamics in enzymatic catalysis is inappropriate; there is no connection of rapid protein dynamics to TS barrier passage in light or heavy DHFR over the range of temperatures studied. The enzyme ecDHFR is likely to be an exception rather than a rule due to the architecture of the backbone. Integrated experimental and computational analysis of enzymes may lead to more comprehensive understanding of the enzyme structure−dynamics−catalysis relationship, providing new insights into the efficiency and specificity of enzymatic catalysts.
■ CONCLUSIONS
Experimental studies together with transition path sampling simulations indicate that the hydride transfer rate and TS of ecDHFR are independent of enzyme mass. This is an exception to all other enzymes studied by heavy enzyme methods. Previously reported kinetic differences between l-and hDHFRs are likely to arise from kinetic steps other than hydride transfer, including altered microscopic association or dissociation kinetic rates. Our findings suggest that changes in apparent intrinsic KIEs calculated from the Northrop method may not always reflect chemical changes at the TS. Integration of computational transition path sampling with experimental isotope effects and reactant partition approaches are required to resolve the origin fast dynamics coupled to chemical steps in enzyme catalysis.
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